Gasification is a thermo-chemical process to convert carbon-based products such as biomass and coal into a gas mixture known as synthetic gas or syngas. Various types of gasification methods exist, and fluidized bed gasification is one of them which is considered more efficient than others as fuel is fluidized in oxygen, steam or air. This paper presents an experimental and numerical investigation of fluidized bed gasification of solid waste (SW) (wood). The experimental measurement of syngas composition was done using a pilot scale gasifier. A numerical model was developed using Advanced System for Process ENgineering (Aspen) Plus software. Several Aspen Plus reactor blocks were used along with user defined FORTRAN and Excel code. The model was validated with experimental results. The study found very similar performance between simulation and experimental results, with a maximum variation of 3%. The validated model was used to study the effect of air-fuel and steam-fuel ratio on syngas composition. The model will be useful to predict the various operating parameters of a pilot scale SW gasification plant, such as temperature, pressure, air-fuel ratio and steam-fuel ratio. Therefore, the model can assist researchers, professionals and industries to identify optimized conditions for SW gasification.
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Introduction
Solar, wind, tides, geothermal and hydroelectric are very popular renewable energy sources. However, there is another significant source of energy that is created by our everyday activities across the world known as biomass. Biomass plays a vital role in the production of fuel or electricity. The potential of renewable energy for urban and rural development, liquid fuel replacement and greenhouse gas reduction are current concerns all over the world. Stucley et al. [1] examined the use of biomass to generate electricity and produce liquid transport fuels in Australia. The main focus of their study was on biomass from forestry, particularly new forestry that may also provide other environmental benefits in Australia's dry land regions.
According to renewable energy perception, biomass can be defined as [1] : "Recent organic matter originally derived from plants as a result of the photosynthetic conversion process, or from animals, and which is destined to be utilized as a store of chemical energy to provide heat, electricity, or transport fuels."
Biomass resources include wood from plantation forests, residues from agricultural or forest production, and organic waste by-products from industry, domesticated animals, and human activities [1, 2] . According to biomass definition, solid waste (SW) is a proven natural resource for renewable energy. Energy can be recovered from SW through various technologies, such as: -Combustion, which is a rapid chemical reaction of two or more substances, is commonly called burning. In practical combustion systems the chemical reactions of the major chemical species, carbon (C) and hydrogen (H 2 ) in the fuel and oxygen (O 2 ) in the air, are fast at the prevailing high temperatures (approximately, greater than 900 °C) because the reaction rates increases exponentially with temperature. -Pyrolysis and gasification, where the fuel is heated with little or no O 2 to produce "syngas" which can be used to generate energy or as a feedstock for producing methane (CH 4 ), chemicals, biofuels or H 2 .
Amongst a number of conversion routes of waste to energy technology, gasification plays a vital role. Gasification uses partial oxidation, in contrast to combustion which uses excess air. It produces a combustible gas which is a mixture of carbon monoxide (CO), H 2 and CH 4 . Biomass gasification plants are in the early commercial stage of development. When used to produce electricity, there are considerable gains associated with scale of plant. At 1 MW electrical (MWe) an updraft gasifier has an efficiency of 10% to 20%, while a 10 MWe fluid bed gasifier has an efficiency of 25% to 35%, and a 100 MWe entrained flow or pressurized circulating fluid bed gasifier has an efficiency of 40% to 50% [2] .
A number of studies have been performed on the gasification process. Doherty et al. [3] developed a simulation model of a circulating fluidized bed (CFB) gasifier using Advanced System for Process ENgineering (Aspen) Plus. They calibrated the model against experimental data and investigated the effects of varying equivalence ratio (ER), temperature, level of air preheating, biomass moisture and steam injection on product gas composition, gas heating value, and cold gas efficiency. Nikoo and Mahinpey [4] developed a fluidised bed gasification model for biomass addressing both hydrodynamic parameters and reaction kinetic in their model. Kumar et al. [5] studied on simulation of corn stover and distillers grains gasification where they developed to simulate the performance of a lab-scale gasifier and predict the flowrate and composition of product from given biomass composition and gasifier operating conditions using Aspen Plus software. They applied mass balance, energy balance, and minimization of Gibbs free energy during the gasification to determine the product gas composition. Abdelouahed et al. [6] presented a detailed modeling of biomass gasification in dual fluidized bed (DFB) reactors under Aspen plus. In their model, the DFB was divided into three modules according to the main chemical phenomena: biomass pyrolysis, secondary reactions and char combustion. Most recently, Mavukwana et al. [7] developed a simulation model of sugarcane bagasse gasification, and Francois et al. [8] reported process modeling of a wood gasification combined heat and power plant using Aspen Plus. This paper presents a detailed investigation of SW gasification, both experimentally and numerically. Experimental investigations have been done in a pilot-scale gasification plant. A numerical simulation model has been developed using the Aspen Plus software package. The model has been validated with the experimental data. The model will be very useful for the professionals, researchers and industry people involved in waste to energy technologies.
Experimental Investigations
The experimental study was performed using a pilot-scale gasification plant which is used for energy recovery from SW. The layout of the gasification plant is shown in Figure 1 . The gasification plant is composed of four modules: a waste pre-processing unit, the gasification/oxidation chambers, the energy recovery section and finally the flue gas cleaning section. In the pre-processing module the waste is sorted, grinded, shredded, stored and dried with the purpose of obtaining a gasification-friendly feed material, free of metals, glass and plastic bottles. The main components of the plant are: waste receiving area, magnetic separator, shredder, hopper, reactor, hot-oil tank and bag house (Figure 1 ). The gasification process involves a number of steps. A schematic diagram of the gasification process is shown in Figure 2 . Wood was used as SW feedstock. Feedstocks are collected from neighboring city or regional councils. Collected wastes are prepared for gasification. Feedstock preparation includes feedstock sorting, preparation and shredding. In this step, all unexpected materials have been removed. The feedstock is manually hand sorted to ensure that recycling was maximized and the shredder is protected from rocks, glass and metallic items. This ensures that no dangerous items enter the reactor vessel. All feed are shredded before being placed into the hopper and subsequent screw conveyor. As ideal sorting is complex, reactors have scrubbing systems to manage any slippage through the sorting process. The scrubbing systems are not a substitute for lack of sorting. A slippage rate of 2% is considered normal. To increase gasification performance, prepared feedstocks need to be dried to reduce moisture through the drier. Gasification process is placed in reaction vessel in the presence of air and steam which produce raw syngas. Syngas cleaning is done to remove the pollution from produced raw syngas. Burning is done in an internal combustion engine depending on its requirement.
The reaction vessel of the plant is used to convert waste to a small amount of char and ash along with a large amount of syngas (called gasification). In the reaction vessel: -Waste's surface moisture is dried, along with all of the inherent moisture. -Waste is further heated. The wastes are heated and dried in the drier which uses hot oil at 220 °C. The SWs are heated in the range of 700-1100 °C in a reduced O 2 environment in the reactor. In the reactor, raw syngas is produced which is a mixture of CO, CO 2 , H 2 , H 2 O, N 2 and CH 4 . The raw syngas is contaminated with tar hydrogen sulphide (H 2 S), ammonia (NH 3 ) and trace hydrochloric acid (HCl). The fine SW leaves the reactor and settles on the top of the scrubber and forms a network of fine C char. The tar gets trapped on the char network and on burnt dolomite at the top of the scrubber and is subsequently broken down into C, CO, and H 2 and H 2 O. The H 2 S and NH 3 are converted to sulphur dioxide (SO 2 ), nitric oxide (NO) and H 2 O in the scrubber. The dolomite mops up the acid gases like SO 2 , NO, NO 2 and HCl. O 2 is added at the scrubber to maintain the scrubber temperature at about 600 °C [9] .
The hot syngas is indirectly cooled using heat transfer oil. The heated oil is used for drying the SW. The hot syngas is further indirectly cooled using fluidising gas. The heated fluidizing gas is used in the gasifier. The warm syngas is further cooled and compressed using liquid ring compressors. This is a final scrub for acid gases and also removes about 80% of the water out of the syngas. The clean syngas is a mixture of CO, CO 2 , H 2 , N 2 and H 2 O. The compounds of syngas found at different stages are shown in Table 1 . Energy content of SW was distributed to, approximately, 65% for syngas production, 23% for char production, 6% for hot oil and remaining was lost as heat. This implies that the energy conversion efficiency for syngas production using gasification is approximately 65%. 
Model Development
A simulation model was developed and validated with experimental results. Amongst the whole experimental study, the model was developed for the main part of the gasification process (as identified by the red rectangle in Figure 2 ).
Model Assumptions
Because of the influence of hydrodynamic parameters on SW gasification in a fluidized bed, both the hydrodynamic and kinetic reactions were treated simultaneously. A number of assumptions were incorporated into the Aspen Plus fluidized bed gasifier modeling [4, [10] [11] [12] [13] :
-The gasification process is steady state and isothermal (uniform bed temperature).
-SW de-volatilisation is instantaneous in comparison to char gasification.
-Volatile products mainly consist of CO, H 2 , CO 2 , CH 4 and H 2 O. -Gases are uniformly distributed within the emulsion phase.
-Char comprises C and ash. -Char gasification starts in the bed and is completed in the freeboard. According to Lee et al. [14] , combustion and gasification take place in the main bed region and pyrolysis in the freeboard region. -Based on the shrinking core model, particles are considered spherical and of uniform size and the average diameter remains constant during gasification. -The simulation is performed using power-law kinetics.
Reaction Kinetics
The overall gasification process starts with pyrolysis and continues with combustion and steam gasification considering the following reactions:
Combustion reactions [4, [14] [15] [16] :
(1)
Steam-gasification reactions [4, 17] :
In the reaction shown in Equation (1), α is a mechanism factor [18] that differs in the range of 0.5-1 when CO 2 and CO is carried away from the char particle during combustion of char. α is a function of temperature and average diameter of char particles. In the reaction shown in Equation (5), the term (2 − β)/β represents the fraction of the steam consumed by the reaction shown in Equation (2) and 2(β − 1)/β represents the fraction of steam consumed by the reaction shown in Equation (4). Matsui et al. [15] experimentally determined β to be in the range of 1.1-1.5 at 750-900 °C. The values of α and β for fluidized bed model of SW gasification were considered as 0.9 and 1.4, respectively, as determined by Nikoo and Mahinpey [4] .
According to Lee et al. [14] , the reaction rate equations defined for the mentioned reactions are as follows:
Walker et al. [19] and Dutta and Wen [20] considered parameter n to be equal to 1.0 in Equations (7) and (8) . For the steam-gasification reaction, Kasaoka et al. [21] and Chin et al. [22] reported different numbers for n, but it is actually 1.0 in the steam partial pressure range of 0.25-0.8 atm. Kinetic parameters can be found in Table 2 [4] . All the symbols for the reaction kinetics have been defined in the nomenclature. 
Hydrodynamic Assumptions
The following assumptions were considered in simulating the hydrodynamics [4, 23] :
-Fluidized bed reactor comprises with two regions: bed and freeboard.
-The fluidisation condition in the bed is maintained in the bubbling regime.
-With the increasing height, the solids volume fraction decreases, similar to the grouping of bubbles in with solid particles returning to the bed. -With increasing height, the volumetric flow rate of gas increases corresponding to the production of gaseous products. -Solid particles mixing, such as consisting of ash, char particles, and bed material, are considered perfect. -With constant hydrodynamic parameters, the reactor is divided into a finite number of equal elements. -As the fluidised bed is considered one-dimensional, any variations in conditions are considered to occur only in the axial direction.
Bed Hydrodynamics
According to Kunii and Levenspiel [24] , the minimum fluidisation velocity of fine particles can be determined by:
To determine the volume fraction occupied by bubbles in a fluidized bed, the following correlations developed by Babu et al. [25] are used: 
= 1 − 1
Here, u is the superficial velocity which is not a constant parameter due to the gas production resulting from heterogeneous and homogeneous reactions. The importance of considering varying superficial gas velocity in obtaining results with higher precision in simulation is demonstrated by Yan et al. [26] . According to Kunii and Levenspiel [24] , the bed void fraction is calculated using the following equation: (14) where ε mf = 0.4.
Freeboard Hydrodynamics
The volume fraction of solid at various levels z in the freeboard falls off exponentially from the value at the bed surface as calculated by the following equation [27] :
Here, a is a constant. Kunii and Levenspiel [24] present a graph that correlates the constant a with superficial gas velocity and particle size. The graph is useful in the following range: ≤ 1.25 / :
Process Simulator: Aspen Plus
A number of processes modeling software package are used to develop computational model of fluidized bed gasification process and to perform simulation and validation of the model. Generally, researchers and professionals uses, Aspen Plus, Computational Fluid Dynamics (CFD, composed of GAMBIT and FLUENT), ChemCAD and MatLab software packages to develop and optimize the gasification model. Mhilu [28] conducted a study on modeling performance of high-temperature biomass gasification process using MatLab. In this study, the derived model equations were computed using the MAPLE process simulation code in MatLab. Sofialidis and Faltsi [29] studied on simulation of biomass gasificationin fludixed beds using CFD approach. Although CFD is a powerful software, its programs have high computational requirements. On the other hand, Aspen Plus, a familiar, proven and acceptable processes modeling software, used in the fields of SW and coal gasification, oil industry and others. It is a powerful process modeling tool which offers to include customize user models to embed with built in Aspen reactor blocks. Since it contains a large property database for conventional compounds and convergence algorithms for solving minimization problems, Aspen Plus is selected to develop a gasification model. Many researchers have used Aspen Plus to develop gasification and downstream models for SW, coal and other biomass [3] [4] [5] [6] . The SW gasification model can be separated in two ways according to Lu et al. [30] : -Kinetic model: is capable of simulating the reaction conditions at different times and sites which is suitable for reactor amplification design and operation parameters optimisation. -Equilibrium model: predicts only end reaction product distribution but no idea is provided about instantaneous product distribution along with geometric dimensions.
In this study, both reaction kinetics parameters and bed hydrodynamics aspects are considered to develop the model. The development of a fluidized bed gasification model through Aspen Plus involves the following steps: -steam class specification; -property method selection; -system component specification (from databank) and identifying conventional and non-conventional components; -defining the process flowsheet (using unit operation blocks and connecting material and energy streams); -specifying feed streams (flow rate, composition and thermodynamic condition), and -specifying unit operation blocks (thermodynamic condition, chemical reactions, etc.).
Aspen Plus lacks a built-in library of models with which to develop a customized fluidized bed gasification model. However, Aspen Plus provides the facility for the user to input their own models using FORTRAN/Excel codes and reactions nested within the input file.
Model Description
The fluidized bed gasification model is comprised of a number of Aspen reactor blocks. In order to show the overall gasification process, there are different phases considered in the Aspen Plus simulation, these being drying, pyrolysis (decomposition), volatile reactions, char gasification, and gas-solid separation. The process flowchart and an Aspen Plus simulation flowsheet of biomass gasification are shown in Figures 3 and 4 , respectively. Feed (SW), dry-feed and ash are specified as a non-conventional component in Aspen Plus and defined in the simulation model by using the ultimate and proximate analysis. The characteristics of feed are shown in Table 3 .
The input parameters of the corresponding gasifier operating conditions were similar to experimental measurements, are given in Table 4 . Methods and processes used for developing the Aspen Plus model is briefly described below. The IDEAL property method was set for this simulation in which ideal behaviors are assumed, such as systems at vacuum pressures and isomeric systems at low pressures. In the vapor phase, small deviations from the ideal gas law are allowed. These deviations occur at low pressures (either below atmospheric pressure, or at pressures not exceeding 2 bar) and very high temperatures. Ideal behavior in the liquid phase is exhibited by molecules with either very small interactions or interactions that cancel each other out. The IDEAL property method is generally used for systems with and without non-condensable components. In this method, permanent gases can be dissolved in the liquid [31] .
The steam class was set as MIXED, NC and PSD (MIXNCPSD). MIXNCPSD represents that, nonconventional solids are present, with a particle size distribution. The NC properties: Enthalpy and Density model was selected as HCOALGEN and DCOALIGT, respectively, for both feed, dry-feed and ash which are non-conventional components. HCOALGEN is the general coal/SW model for computing enthalpy in the Aspen Physical Property System which includes a number of different correlations for: heat of combustion, heat of formation and heat capacity. The density model, DCOALIGT, gives the true (skeletal or solid-phase) density of coal/SW on a dry basis using ultimate and sulfur analyses.
Model Sequence
A number of Aspen Plus blocks were used to complete the overall gasification process. The main processes were simulated by three reactors in Aspen Plus: RYield, RGibbs and RCSTR. Additionally, a MIXER and a number of SEPERATOR blocks were incorporated in the simulation model to complete the entire process. The whole gasification consists of four processes, namely drying, decomposition, volatile reaction and char gasification and combustion.
Drying
Reducing moisture from feed plays important role to improve gasifier performance. An Aspen Plus block, RYield (block ID: DRYER in Figure 4 ) was used to simulate the drying process of SW. The SW is fed into the block, and the water bound in SW is vaporized in this block. The yield of gaseous water is determined by the water content in the proximate analysis of SW. The moisture content of the SW is 25%, therefore, the mass yield of gaseous water is set as 25%, based on the assumption that the physically bound water is vaporized completely in this process. The mass yield of dried SW is correspondingly equal to 100% − 25% = 75%. After the drying process, the gaseous water and dried SW flow into a gas and solid separator, SEP0. The separated gaseous water is drained out from the process and the separated dried SW goes on to the next block for the decomposition of dried feed.
Decomposition
RYield (block ID: DCOMP in Figure 4) , an Aspen Plus yield reactor, was used to decompose the feed in the simulation. RYield is used when reaction stoichiometry and reaction kinetics are unknown or unimportant but the component yield distribution is known. In this step, SW is converted into its constituent components H 2 , O 2 , C, sulphur (S), N 2 and ash by specifying the yield distribution according to the feed's ultimate analysis.
Volatile Reactions
An Aspen Plus reactor, RGibbs (block ID: GASIFY in Figure 4 ), uses Gibbs free energy minimization with phase splitting to calculate equilibrium. This reactor does not require specifying the reaction stoichiometry, but reactor temperature and pressure is known from experiment. RGibbs is capable of calculating the chemical equilibrium between any number of conventional solid components and the fluid phases [32] .
In this study, RGibbs was used for volatile combustion. SW mainly consists of C, O 2 , H 2 , N 2 , chlorine (Cl), S, moisture and ash. Here, C will partly compose the gas phase to take part in de-volatilization and the remaining part of C comprises the solid phase (char) and consequently results in char gasification. A separator was used before RGibbs reactor to separate the volatile materials and solids from the decomposed components. RGibbs reactor performs the volatile reactions of separated volatile materials.
3.7.6. Char Gasification RCSTR, one of the vital reactors in Aspen Plus, rigorously models continuously stirred tank reactors. This reactor is capable of modelling one, two or three phase reactors. RCSTR assumes perfect mixing in the reactor, that is, the reactor contents have the same properties and composition as the outlet stream. This reactor handles kinetic and equilibrium reactions as well as reactions involving solids. The user can provide the reaction kinetics through the built-in Reactions models or through a user-defined FORTRAN/Excel subroutine [32] .
In this study, the reactor, RCSTR (block ID: BED and FREEBRD in Figure 4 ) was used to perform char gasification using reaction kinetics as discussed previously. The reaction kinetics were integrated by written FORTRAN and Excel code via the CALCULATOR block. The reactor was divided into bed and freeboard regions using hydrodynamic parameters where each region is simulated by one RCSTR reactor. Using FORTRAN code, each RCSTR is divided into a series of CSTR reactors with equal volume. Bed and Freeboard reactors require matching a number of variables, some specified at the top and others at the bottom of the gasifier. This feature causes the solution process to be usually complicated and time-consuming. Therefore, from the viewpoint of directly using the built-in algorithm in Aspen Plus and then simplifying the problem, a number of RCSTR reactors in series are used to model the char gasification and combustion processes. The RCSTR reactor has the characteristic that all phases have the same temperature, which means the temperatures of solid and gas phases in the char gasification and combustion processes are equal in the model. The kinetic and hydrodynamic parameters such as fractional pressure, superficial velocity and voidage of O 2 and steam remain constant in these reactors.
Solid Separation
A splitter block, CYCLONE, was used in this model to separate C solid from the gas mixture provided by the split fraction of MIXED and NCPSD.
Results and Discussions
Model Validation
This section presents a comparison of simulation results with experimentally measured data using a pilot scale gasifier shown in Figure 1 . The operating conditions of the gasifier model were similar to the experimental measurement as shown in Table 4 . The composition of raw syngas, such as H 2 , CO, CO 2 , CH 4 , N 2 and H 2 O, was measured experimentally and is compared in Table 5 with the simulation results. It can be clearly seen from Table 5 that there is only about 3% variation between measured and simulated results. Therefore, it is fair to say that the developed model can be used for further analysis with acceptable accuracy. The validated model was used to study the effect of air-fuel ratio and steam-fuel ratio on syngas composition as discussed below. The effect of air-fuel ratio on product gas composition was examined. Simulation results for syngas composition (in percent) versus air-fuel ratios in the range of 0.5 to 1.0 are shown in Figure 5 . The production of both H 2 and CO decreases with the increasing amount of air, while the volume of the inert gas N 2 in the syngas increases. The composition of CO 2 decreases with very small deviation and CH 4 remains almost the same with increasing air-fuel ratio. Due to the high concentration of N 2 in air, N 2 concentration increases in syngas composition with increasing air supply. Air-fuel ratio not only represents the O 2 quantity introduced into the reactor, but also affects the gasification temperature under the condition of auto thermal operation. Higher air-fuel ratios can cause syngas quality to degrade because of an increased oxidation reaction. Alternatively, higher air-fuel ratios mean a higher gasification temperature which can accelerate the gasification and improve the product quality to a certain extent. The oxidation reaction for CO production is: 
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The oxidation reaction for CO 2 production is:
(18) Based on the oxidation reactions, Equations (17) and (18) , CO production consumes more C for the same amount of O 2 .
Effect of Steam-Fuel Ratio
The effect of steam-fuel ratio in the range of 4-10 on syngas composition is shown in Figure 6 . The concentration of CO and H 2 exhibits a trend that slowly increases when the steam to fuel ratio increases. This can be explained by more steam reforming reactions of CO and H 2 taking place because of increased steam quantity. The change in CH 4 and CO 2 concentration is very small with increasing steam-fuel ratio. The C-steam reaction is highly temperature sensitive, as an increase in low steam flows cause the efficiency to increase slightly in the experiment, but it then drops for additional rises in the steam flow amount. The concentration of N 2 composition shows a significant decrease (from 20% to 13%) with increasing steam-fuel ratio as there is only a fixed amount of air supplied with increasing steam-fuel ratio. 
Effect of Gasifier Temperature
The effect of gasifier temperature on produced syngas composition is shown in Figure 7 . The temperature considered varies from 600 °C to 1000 °C. The concentration of syngas components (i.e., CO, H 2 , CO 2 , CH 4 and N 2 ) varying with a small range with increasing gasifier temperature. There are about 28%, 20%, 15%, 11% and 2% of CO, H 2 , N 2 , CO 2 and CH 4 produced, respectively. The overall gasification process, along with C conversion, is improved by increases in 
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Steam-fuel ratio H2  CH4  CO  CO2  N2  H 2  CH 4  CO 2  N 2 gasification temperature. The rate of increase in C conversion efficiency becomes slow at higher gasification temperatures. In lower gasifier temperature, SW produces more unburned hydrocarbon and tar, which decreases H 2 production. In Figure 7 , the higher amount of H 2 favors the backward reaction and causes prediction of lower CO 2 production in simulation related to the reaction in Equation (6) . The trend of syngas composition in simulation is following the same trend as literature [4] . Figure 7 . Effect of gasifier temperature on syngas composition.
Steam-fuel ratio vs. Syngas composition
Conclusions
Experimental and numerical investigations of atmospheric fluidized bed gasification have been done for SW. The experimental investigation was performed using a pilot-scale gasifier plant. An Aspen Plus simulation model was developed based on the experimental setup and findings. To develop the simulation model, several Aspen Plus reactor blocks were used with a number of separators and a mixer block. Reaction kinetics and hydrodynamic equations were incorporated through FORTRAN and Excel code. The simulation model was validated with experimental results of a pilot scale SW gasification plant. A very good agreement was found between simulation and experimental results, with a maximum variation of 3%. The effects of air-fuel and steam-fuel ratio on syngas composition were simulated using the validated model. The model will assist researchers, professionals and industry people to identify the optimized conditions for SW gasification.
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